General symmetry principles for rotor-synchronized pulse sequences in magic-angle spinning solid-state nuclear magnetic resonance are presented. The theory of symmetry-based pulse sequences using pulse elements is presented for the first time. The symmetry theory is extended to the case of generalized Hartmann-Hahn sequences, in which rotor-synchronized rf irradiation is applied simultaneously to two isotopic spin species. The symmetry principles lead to heteronuclear selection rules. The symmetry theory is used to design pulse sequences which implement heteronuclear dipolar recoupling at the same time as decoupling homonuclear spin-spin interactions, and which also suppress chemical shift anisotropies. A number of specific pulse sequences based on these principles are listed. Experimental demonstrations are given of heteronuclear two-dimensional correlation spectroscopy, heteronuclear multiple-quantum spectroscopy, and the estimation of internuclear dipolar couplings.
I. INTRODUCTION
The determination of molecular structural parameters by solid-state nuclear magnetic resonance ͑NMR͒ has recently made much progress, with the successful development of methods for the accurate determination of internuclear distances [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and interbond angles. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Many of these methods are compatible with magic-angle spinning ͑MAS͒, 31, 32 in which the sample is rapidly rotated about an axis at the ''magic angle'' tan Ϫ1 & with respect to the static magnetic field in order to achieve good spectral resolution and signal strength.
Although MAS is an essential component of many realistic applications of solid-state NMR, it has the disadvantage of strongly attenuating the effect of geometrically informative spin interactions, such as the direct magnetic dipoledipole couplings between neighboring nuclear spins. As a result, the techniques for geometry determination often employ recoupling pulse schemes, in which resonant radiofrequency ͑rf͒ fields are applied to the nuclear spins, in order to suspend the averaging effect of the magic-angle rotation over a defined time interval. This makes it possible to exploit the recoupled spin interactions for the determination of molecular geometry, without sacrificing the good sensitivity and resolution provided by MAS.
There are many different types of recoupling pulse sequences, depending upon the targeted spin interaction. 33, 34 For example, there exists a wide range of pulse sequences for recoupling the direct dipole-dipole interactions between spins of the same isotopic type. These are called homonuclear recoupling methods. This article focuses on the methodology of heteronuclear recoupling, in which the magnetic dipole-dipole interactions between unlike spins are recoupled.
Heteronuclear recoupling methods face a number of methodological challenges associated with the type of nuclear spin system involved and with instrumental limitations. For example, it is often desirable to recouple the heteronuclear dipole-dipole interactions, without simultaneously recoupling the homonuclear dipole-dipole interactions. In addition, it is often desirable that the evolution of the nuclear spin system is insensitive to chemical shift interactions, both isotropic and anisotropic. In a nonoriented sample such as a powder, there are further complications, since the recoupling effect depends in general on the molecular orientation. In most cases it is desirable that the orientation dependence of the recoupling be as weak as possible, so as to obtain good overall efficiency in a orientationally disordered sample such as a powder. The recoupling methodology should also be robust with respect to deviations in the amplitude of the applied rf field. In addition, it is sometimes necessary that the pulse sequences are feasible at very high magic-angle spinning frequencies.
The Hartmann-Hahn ͑HH͒ method is the archetypical heteronuclear solid-state NMR method. This early scheme involves the simultaneous application of two unmodulated rf fields, each resonant with a different spin species, and with amplitudes chosen so that the two nutation frequencies match exactly. 35 HH matching allows a transfer of spin polarization between different spin isotopes, through the heteronuclear dipolar interaction. Hartmann-Hahn cross polarization ͑HH-CP͒ is widely employed in solid-state NMR for the enhancement of signals from nuclei with low gyromagnetic ratios and is an essential component of high-resolution NMR in solids. 36 The Hartmann-Hahn method was originally developed for static solids but may be used in MAS NMR if the rf field amplitudes are adjusted so that the two nutation frequencies differ by a small integer multiple of the spinning frequency. This is called a HH sideband condition. 37 The sensitivity of the HH method to experimental imperfections may be reduced by sweeping the amplitude of one of the radio-frequency fields so as to pass through the appropriate matching condition. 38, [76] [77] [78] In its original version, the Hartmann-Hahn method does not decouple the homonuclear interactions. In many cases, this makes the method unsuitable for extracting accurate molecular structural information. In static solids, homonuclear decoupling may be combined with HH-CP by setting one or both of the rf fields off resonance, so as to satisfy the LeeGoldburg condition. 39, 92 A sideband version of LeeGoldburg Hartmann-Hahn cross polarization ͑LG-HH-CP͒ has been applied to MAS solids, allowing the determination of distances between nuclei of different types, even in the presence of strong homonuclear couplings. 18, 19 A different group of heteronuclear recoupling methods involves the application of radio-frequency fields to only one of the spin species. This type of heteronuclear recoupling was first achieved in MAS NMR by setting the amplitude of the rf field so that the nutation frequency matches a small integer multiple of the spinning frequency. This is called rotary resonance recoupling (R 3 ). 1, 2 It was also suggested that the unmodulated rf field could be replaced by discrete pulses every half rotor period. 2, 3 Experiments of this kind were first performed by Gullion et al. , and form the basis of the highly successful REDOR ͑Rotational Echo Double Resonance͒ method. 3, 4 Numerous applications and extensions of REDOR have appeared. [40] [41] [42] [43] The original version of REDOR employs very strong pulses, which are assumed to be very short compared to the sample rotation period. This condition is hard to meet at high MAS spinning frequencies. Modulated versions of R 3 were suggested for use at high MAS frequencies. 44, 45 It was demonstrated that in some circumstances REDOR itself functions quite satisfactorily even under fast MAS conditions. 46 Table I summarizes a variety of existing heteronuclear recoupling sequences and displays their qualitative properties. This table assumes that there are two spin species, called here S and K. In the case of single-channel pulse sequences, the rf irradiation is assumed to be resonant with the K spins. All of the pulse sequences recouple the first-order heteronuclear direct dipolar interaction ͑abbreviated SK-DD͒.
The third column in the table indicates whether the recoupled SK dipolar interaction is ''␥ encoded. '' 10 This property is explained in more detail below. Briefly, ␥-encoded pulse sequences have a lower orientation dependence than non-␥-encoded pulse sequences, and as a result generally function better in a powder sample. The fourth column indicates whether the homonuclear dipole-dipole interactions between K spins are decoupled. Generally speaking, homonuclear decoupling of K spins is also a desirable property, since it greatly simplifies the spin dynamics and reduces the approximations that must be made when analyzing the experimental results. The fifth column indicates whether the pulse sequence effectively removes the chemical shift anisotropy ͑CSA͒ interactions of the K spins in the first-order average Hamiltonian. 47 The sixth column indicates whether the evolution of the S spins is insensitive to the CSA of the K spins. This is a slightly weaker condition than that given in the fifth column, since in some circumstances, commutation properties cause the evolution of the relevant S-spin coherences to be insensitive to the K-spin CSA, even if that CSA interaction is not fully decoupled. The seventh column indicates whether the sequence is compensated for isotropic chemical shift or resonance offsets of the K spins. The eighth column indicates whether the sequence is compensated for rf field amplitude variations. The ninth column indicates the rough rf field requirements of the sequence. In all cases, these ''judgments'' are based on first-order average Hamiltonian theory. 47 They should be regarded as a provisional basis for discussion, rather than a definitive assessment.
With these reservations in mind, all existing sequences display a mixture of positive and negative qualities. For example, the REDOR sequence 3, 4 displays an array of robust features with respect to the K-spin interactions. The sequence is well-compensated for rf field errors and K-spin chemical shifts, both isotropic and anisotropic. However, it has its negative side too. REDOR is not ␥ encoded, which implies TABLE I. The qualitative properties of selected heteronuclear recoupling sequences. A check mark means that the corresponding sequence has the indicated property in a first order theoretical description. A cross means it does not have this property.
Single-channel sequences ͑irradiation at K-spin Larmor frequency͒
Sequence
Ref. that the signal modulations due to the heteronuclear SK interactions are relatively weak in powder samples. In addition, the homonuclear dipolar interactions between K spins are also recoupled. This can cause trouble when the sequence is applied to strongly interacting spins. REDOR also recouples the K-spin CSA interactions, but this turns out not to be a problem in most applications, since the relevant recoupled interactions commute ͑see the contrasting marks in columns 6 and 7͒. REDOR was originally designed for work at low spinning frequencies and has high rf field requirements. However, recent results indicate that REDOR may in fact be usable even at high MAS frequencies. 46 A recent variant of REDOR, called C-REDOR, 48 achieves homonuclear decoupling ͑see Sec. IV below͒. As a second example, consider the sideband LeeGoldburg Hartmann-Hahn method. 18 In this case the recoupled heteronuclear interactions are ␥ encoded, indicating favorable performance in a powder. The sideband LG-HH method also strongly attenuates the K-spin CSA interactions. However, the decoupling of the homonuclear K-spin DD interactions is expected to be imperfect. The original LeeGoldburg scheme for homonuclear decoupling 39 is known to be relatively poor and has long been superseded by more accurate schemes in the case of high-resolution proton spectroscopy. [49] [50] [51] [52] [53] [54] In addition, the use of LG decoupling is well-established for static samples, but its performance may be degraded in rapidly rotating samples, due to interference effects between the rf pulse sequence and the MAS rotation. For this reason, we have only given the LG-HH method a bracketed tick mark in column 4. In addition, the LG method is sensitive to K-spin chemical shifts and rf field amplitude errors.
␥ encoding of SK-DD KK-DD decoupling

K-CSA decoupling
K-CSA insensitivity
K-offset
The table shows that the REDOR and LG-HH methods are roughly complementary in their strengths and weaknesses.
A different approach to pulse sequence design exploits symmetry principles for rotor-synchronized rf fields in MAS NMR. 17, 55 These principles allow the recoupling and decoupling properties of a wide range of pulse sequences to be assessed, at least to a first approximation, by evaluating a set of simple integer inequalities. The results of these inequalities may be deduced by a diagrammatic technique without detailed calculation. In addition, it is possible to identify sets of pulse sequence symmetries that lead to the recoupling properties of interest, at least in a first approximation.
Briefly, the symmetry theory may be applied to two broad pulse sequence classes, denoted in general CN n and RN n . The meaning of these symbols is explained in detail below. The numbers N, n, and are small integers, called the symmetry numbers of the pulse sequence.
So far, the symmetry principles have only been presented for the case of rf irradiation on a single rf channel. These single-channel symmetry principles have led to a large selection of promising pulse sequences for heteronuclear decoupling, 17, 55 double-quantum homonuclear recoupling, 11, 14, 17, 56 zero-quantum homonuclear recoupling, 17 and selection of homonuclear J-couplings. 17, 57, 58 In addition, the symmetry principles provide insight into a variety of existing methods, such as REDOR, 3 ,4 RFDR 59 and TPPM. 60 The single-channel symmetry principles have also been applied to the problem of heteronuclear recoupling in the presence of strong homonuclear couplings. For example, a single-channel heteronuclear recoupling sequence with the symmetry R18 1 7 was demonstrated. 17 The qualitative properties of this sequence are also given in Table I . As may be seen, the sequence has a number of desirable features, but retains an undesirable sensitivity to the CSA of the irradiated K spins. It is difficult to accomplish ␥-encoded heteronuclear decoupling with rf irradiation on a single rf channel while simultaneously removing the sensitivity of the sequence to the K-spin CSA. The symmetry theory alone does not lead to solutions of this kind.
In this paper the symmetry principles are extended to the case of a heteronuclear spin system exposed to simultaneous resonant irradiation on two rf channels. Such sequences may be regarded as generalized Hartmann-Hahn methods. We show that it is possible to design pulse sequences that possess all of the desirable features in Table I , at least on the level of first-order average Hamiltonian theory. As shown below, the extended symmetry theory leads to a large number of possible solutions. We show experimental results for some of the more promising pulse sequences.
The rest of this paper is organized as follows. In Sec. II we present the symmetry theory for single-channel CN n and RN n sequences. Much of this work has not been presented explicitly before. In Sec. III these principles are generalized to the case of dual synchronized CN n and RN n sequences. In Sec. IV we identify a list of candidate symmetries for the task of heteronuclear recoupling and present some specific pulse sequences based on these principles. In Sec. V we show some experimental results, including applications to heteronuclear two-dimensional ͑2D͒ correlation spectroscopy, heteronuclear multiple-quantum NMR, and heteronuclear distance estimations. The applications and limitations of the new pulse sequences are discussed.
II. SINGLE-CHANNEL ROTOR-SYNCHRONIZED PULSE SEQUENCES
We first consider the case of a rotor-synchronized pulse sequence applied to one rf channel. The symmetry rules for this situation have been described before, 17, 55 but the detailed theory has not yet been presented for the case of RN n sequences. The discussion here will establish the notation and lay the groundwork for the two-channel case.
A. Euler angles of the rf rotations
Consider a system of coupled S spins, subjected to mechanical sample rotation at a fixed frequency r about a fixed axis. The spin Hamiltonian in the presence of a rf pulse sequence is given by
where the internal spin Hamiltonian H int (t) is time dependent because of the sample rotation, while the rf spin Hamiltonian H rf (t) is time dependent because of the modulation of the rf fields. The rf propagator from a time point t a to a time point t b is denoted U rf (t b ,t a ), and solves the equations
Suppose that the rf pulse sequence is initiated at time point t 0 0 ͓see Fig. 1͑a͔͒ . The rf propagator from time point t 0 0 up to an arbitrary time point t may be expressed in terms of three time dependent Euler angles ⍀(t)ϭ͕␣(t),␤(t),␥(t)͖, describing the rotation of the spins induced by the rf field:
Here R ϭexp͕ϪiS ͖ is the operator for a rotation of spins S through the angle around the axis ϭ(x,y,z) in the rotating frame. If the rf fields are applied at the Larmor frequency of species S, the operator S is given by
where the sum is taken over all S spins. In general, the rf propagator for any rf pulse sequence may be written in terms of the Euler angles as in Eq. ͑4͒.
However, in general, the link between the Euler angles and the rf irradiation parameters ͑pulse flip angles and phases͒ is sometimes not obvious.
B. Notation for time points
Consider a general rotor-synchronized pulse sequence as shown in Fig. 1͑a͒ . The pulse sequence is built of N elements, denoted E q , where qϭ0,...,NϪ1. The whole sequence spans exactly n rotational periods. Each element E q has the same duration E ϭn r /N, where r ϭ2/ r . The duration of the entire sequence is denoted TϭN E ϭn r . Figure 1͑a͒ defines the convention used for denoting time points in this paper. The time point t q 0 defines the instant at which the element E q starts. The notation t q defines an arbitrary time point in the interval ͓t q 0 ,t qϩ1 0 ͓, i.e., t q 0 рt q Ͻt qϩ1 0 . The time points are related through t q ϭt 0 ϩq E . The notation t 0 refers to a time point in the interval ͓t 0 0 ,t 1 0 ͓, i.e., within the first element E 0 .
We use the notation S q to refer to the rf propagator up to a general time point t q within an element E q , starting from the beginning of that element. The notation A q refers to the rf propagator up to a general time point t q within an element E q , accumulated over the whole pulse sequence. The notation E q refers to an rf propagator of one complete element E q :
These propagators are related through
refer to the accumulated rf rotations up to a general time point t q within the element E q :
C. The basic element
In the sequences to be described, all the elements E q are derived in a specified way from a given pulse sequence of duration E ϭn r /N, known as the basic element, and denoted here E 0 . The properties of E 0 depend on the symmetry class of the pulse sequence and will be described below.
In general the basic element E 0 is never actually applied to the spin system, only the derived elements E q have that honor. Nevertheless, it is convenient to denote the rf propagators of the basic element E 0 by using the superscript ''0.'' Figure 1͑a͒ defines the convention used for denoting time points inside the basic element E 0 . 
The propagator under the entire basic element E 0 is denoted
In general E 0 ͑the propagator under the basic element͒ is not equal to E 0 ͑the propagator under the first element in the pulse sequence͒.
D. Definition and implementation of CN n sequences
A general CN n sequence on the S spins is defined by the following time-symmetry relationships for the Euler angles of the rf propagator at time points t q : Figure 1͑b͒ shows one possible construction scheme for CN n sequences. The method starts by choosing a basic element E 0 , which has the following propagator,
where Z g is an even integer ͑g stands for ''gerade''͒. This implies that the basic element returns spins to their initial states ͑disregarding a possible sign change͒, if all interactions other than that with the rf field are ignored. The basic element is therefore a cycle in the sense of Haeberlen and Waugh 47 and will henceforth be denoted C . Some examples of C sequences are given below.
As shown in Fig. 1͑b͒ , a CN n sequence may be constructed by concatenating N cyclic elements, each of which is phase shifted by 2/N with respect to the preceding element, i.e.,
This implies that the first element E 0 of the CN n sequence is the same as the basic element C , and hence that (␣ 0 ,␤ 0 ,␥ 0 )ϭ(␣ 0 ,␤ 0 ,␥ 0 ). In Appendix A we prove that this procedure generates a CN n sequence conforming to Eq. ͑14͒. The symmetry numbers n and are called space and spin winding numbers, respectively, since they define the helical modulations of the two parts of the Hamiltonian, as discussed in Ref. 56 .
The choice of C is free within the constraints of Eq. ͑15͒. For example, the basic rf cycle C could be a simple 360°pulse around the x axis as in the SC14 sequence 56 (C ϭ360 0 ), or a composite 360°pulse, as in the original C7 sequence 11 (C ϭ360 0 360 180 ), or in the POST-C7 13 and the SPC-5 sequences 14 (C ϭ90 0 360 180 270 0 ). Here the standard notation for rf pulse sequences is used: , where is the flip angle ͑nutation frequency multiplied by the pulse duration͒ and is the rf phase, taking into account the sign of the gyromagnetic ratio. 61, 62 The flip angles and the phases are written in degrees.
There are also other ways of constructing CN n sequences which satisfy Eq. ͑14͒ ͑see below͒.
E. Definition and implementation of RN n sequences
A general RN n sequence is defined by the following time-symmetry relationships for the Euler angles of the rf propagators:
where qϭ0,1,...,NϪ1. The duration of each element E q is E ϭn r /N, and N, n, and are integers, called the symmetry numbers of the pulse sequence. There are no restrictions on the Euler angle ␣ q . Figure 1͑c͒ shows one possible construction scheme for a RN n sequence. The method starts by choosing a basic element of duration E . In this case, the rf propagator of the basic element has the property
where Z u is an odd integer ͑u stands for ''ungerade''͒. This implies that the basic element rotates the spins by an odd multiple of about the x axis in the rotating frame. In this case the basic element is donated R, to confirm with standard notation in heteronuclear decoupling theory. 63 The basic element R may therefore be a single () x pulse, or a composite pulse with the same overall rotation. In general, the basic element R may contain rf pulses of any possible phase, but the overall rotation operator must obey Eq. ͑18͒.
The construction principle for RN n sequences continues by deriving a second basic element, denoted RЈ, which is related to R by changing the sign of all rf phases. The rf propagator under RЈ may be derived from that under R by a rotation about the x axis: 
Note that the first element E 0 of a RN n sequence is not equal to the basic element R. The procedure is illustrated in Fig.  1͑c͒ . In Appendix A we prove that this procedure generates a RN n sequence conforming to Eq. ͑17͒.
From the definition of RN n symmetry ͓Eq. ͑17͔͒, any RN n sequence is also a C(N/2) n sequence, even though its construction principles are quite different. This implies that RN n symmetry is a stronger version of C(N/2) n symmetry. This property is reflected in the more restrictive selection rules for RN n sequences compared to CN n sequences ͑see below͒.
F. Spin interactions
In a system of coupled spins S the internal spin Hamiltonian in Eq. ͑1͒ at time point t may be written
where the symbol ⌳ represents the type of interaction ͑chemical shift, spin-spin coupling͒ and also the indices of the spins involved in the interaction. The quantum numbers l, m, and indicate the symmetry of the term with respect to rotations of the spin polarizations and with respect to spatial rotations of the sample. In general the term H lm ⌳ (t) transforms as an irreducible spherical tensor of rank l for spatial rotations and rank for spin rotations. The components indices m and take values m ϭϪl,Ϫlϩ1,...,l for space and ϭϪ,Ϫϩ1,..., for spin. Table II contains a list of interactions in a homonuclear spin system, the corresponding values for the ranks l and , and the possible components m and under magic-angle rotation of the sample. In the high-field approximation the internal Hamiltonian contains only elements with ϭ0. Terms with 0 are generated by the applied rf field ͑see below͒. Because of the sample rotation, the term H lm0 ͓A lm ⌳ ͔ R defines the rotational properties of the spin interaction under mechanical rotation of the sample, keeping the external magnetic field fixed. The relevant tensor component of rank l is obtained in the rotor fixed frame by transforming it from the principal axis system as follows:
tive orientation of the principal axis frame of the interaction ⌳ and a molecule-fixed frame, and depend on the molecular and electronic structure. The Euler angles ⍀ MR ϭ͕␣ MR ,␤ MR ,␥ MR ͖ relate the molecular frame to a frame fixed on the rotor, and are random variables in a powder. From Eq. ͑22͒ and the definition t q ϭt 0 ϩq E , the periodic symmetry of the laboratory frame spin interaction terms for the rotor-synchronized pulse sequence shown in Fig. 1͑a͒ may be expressed
͑25͒
G. Interaction frame symmetry
Average Hamiltonian theory 47 requires a transformation of the spin interaction terms into the interaction frame of the rf field. The interaction frame Hamiltonian at time point t q may in general be written
where
In this case takes all possible values ϭϪ, Ϫϩ1,...,. The rotation properties of spherical tensor operators
lead to the following form of the interaction frame terms:
The symmetry of the terms depend on the symmetry of the pulse sequence.
(i) CN n sequences: Equations ͑14͒ and ͑29͒ may be used to
show that the CN n symmetry of the pulse sequence imposes the following periodic symmetry on the interaction frame terms:
(ii) RN n sequences: Equations ͑17͒ and ͑29͒ lead to the following symmetry of the interaction frame terms: 
q , this symmetry may be written in the more convenient form
The main difference between the two symmetries is that the spin rank appears in Eq. ͑32͒. This has major consequences.
H. Average Hamiltonian and selection rules
One may analyze the CN n and RN n sequences using the Magnus expansion 65 of the effective Hamiltonian in the interaction frame:
where the first two orders 65, 66 are given by
The first order term is given by
The second order term may be written in the following way:
where the vectors 1 and 2 represent the sets of quantum numbers (l 1 ,m 1 , 1 , 1 ) and (l 2 ,m 2 , 2 , 2 ), respectively. The terms H 2;1 ⌳ 2 ϫ⌳ 1 are given by
The periodic symmetries given in Eqs. ͑30͒ and ͑32͒ lead to selection rules for these average Hamiltonians:
The following selection rules were derived in Ref. 55 :
where Z is any integer.
(ii) RN n sequences: The selection rules are
͑43͒
where Z indicates any integer with the same parity as . Equation ͑42͒ may be deduced as follows. From Eq. ͑32͒ and the symmetry arguments given in the appendix of Ref.
55, we get
where Z is an integer. This may be written as
Now if is even, then 2Zϩ is an even integer, while if is odd 2Zϩ is an odd integer. Hence the inequality is equivalent to
where Z is an integer with the same parity as ͑i.e., if ϭeven, then Z ϭ0,Ϯ2,Ϯ4,...; if ϭodd, then Z ϭϮ1, Ϯ3,Ϯ5,...͒. The second order selection rule Eq. ͑43͒ may be derived by using similar arguments to those in Ref. 55 . The selection rules for C(N/2) n sequences are a subset of the selection rules for RN n sequences. This reflects the fact that the symmetry elements for C(N/2) n are a subgroup of the symmetry elements for RN n ͑see above͒. In order to elucidate the use of these selection rules, consider the design of a ␥-encoded homonuclear doublequantum recoupling sequence. A sequence of this type may be generated by imposing the following properties: ͑i͒ Terms with spin rank ϭ2 and spin components ϭϮ2 should be symmetry allowed in the first order average Hamiltonian. ͑ii͒ The term with ϭϪ2 should be associated with only one spatial rotational component. ͑iii͒ All other homonuclear dipolar terms and all CSA terms should be suppressed. Solutions of the type RN n and CN n may be found by scanning through many combinations of symmetry numbers N, n, and v and testing the conditions ͑i͒, ͑ii͒, and ͑iii͒ using Eqs. ͑40͒ and ͑42͒. This search turns up a large number of possible solutions, including C7 2 1 ͑Ref. 11͒, C14 4 5 ͑Ref. 56͒, and R14 2 6 ͑Ref. 17͒.
I. Scaling factors
The magnitude of the symmetry-allowed terms depends on the pulse sequence. In general, a symmetry-allowed term in the first order effective Hamiltonian has the form
Note that the phase of H lm ⌳ depends on the starting time point t 0 0 of the pulse sequence. The scaling factor lm of the symmetry-allowed term with quantum numbers (l,m,,) is given by
The symbols t 0 , ␤ 0 , and ␥ 0 refer to time points and rf Euler angles within the first pulse sequence element E 0 .
It is convenient to define the scaling factor with respect to the basic element E 0 upon which the pulse sequence is constructed. The definition depends on whether a CN n or RN n sequence is applied:
͑ii͒ RN n sequences:
͑50͒
In both cases the factors K m are defined with respect to the basic element E 0 , according to
The symbols t 0 , ␤ 0 , and ␥ 0 refer to time points and rf Euler angles within the basic element E 0 . The calculation of K m for general basic elements E 0 is discussed in Appendix B. In the specific case of amplitude modulated rf fields, the calculation is straightforward. If the basic element E 0 consists of amplitude-modulated rf fields with phase 0 or , the Euler angles are given by
Here nut (t) is the rf field amplitude expressed as a nutation frequency ͑negative values corresponding to phase ͒. In general, if two symmetries CN n and CN n Ј allow the same term (l,m,,), then the scaling factor lm is the same for these two pulse sequences, providing the basic elements E 0 are identical. If two sequences RN n and RN n Ј allow the same term, on the other hand, then the two scaling factors lm have the same amplitude but differ by a phase factor, if the basic elements are identical.
J. Pulse sequence propagators
The effective propagator of the pulse sequence may be approximated using the first and second order approximation for the effective Hamiltonian. Strictly, the effective Hamiltonians propagates the spin system from the time point t 0 0 to the time point t 0 0 ϩT. However, if the internal spin interactions are not too large, the average Hamiltonian is often found to be a good approximation for intermediate time points as well. In this case, the propagators up to time point t q 0 are given by
(ii) RN n sequences:
͑54͒
Note that the first and second order average Hamiltonians H (1) and H (2) depend on the starting time point t 0 0 of the pulse sequence.
The results discussed above allow the design of a variety of rotor-synchronized pulse sequences for many different purposes is solid state NMR. 17, 55, 56 In the following, these concepts are generalized to rf fields applied simultaneously to two rf channels.
III. DUAL ROTOR-SYNCHRONIZED PULSE SEQUENCES
In the following we discuss a number of different classes of rotor-synchronized rf pulse sequences which are applied simultaneously at the Larmor frequencies of one or two different spin species, denoted S and K. For example, S and K may comprise two rare spin species, immersed in a pool of abundant spins, denoted I. One common case is Sϭ 13 C, K ϭ 15 N, and Iϭ 1 H. In the following we assume that the abundant I spins are decoupled from the rare S and K spins by the application of a suitably modulated strong rf field at the I-spin Larmor frequency.
A. Heteronuclear spin interactions
In a system of coupled S and K spins the internal spin Hamiltonian at time point t may be written
where the symbol ⌳ represents the type of interaction ͑chemical shift, homonuclear spin-spin coupling, heteronuclear spin-spin coupling͒ and also the indices of the spins involved in the interaction. As before, the sum over the parameter ⌳ runs over the different interactions ͑homo-and heteronuclear͒ as well as over the relevant spin indices. The term H lm S S K K ⌳ SK (t) includes both homo-and heteronuclear interactions for the S and K spins:
The sum over ⌳ SK is taken over all heteronuclear interactions and all relevant heteronuclear spin pairs. The term 
where the amplitudes of the rank l tensor of interaction ⌳ SK may be transformed from the principle axis frame to the rotor fixed frame through the usual chain of transformations:
The Euler angles ⍀ PM ⌳ SK orient the principle axis frame of the heteronuclear interaction with respect to the molecular axis frame.
B. Classification of dual synchronized pulse sequences
There exist four different possibilities for applying the CN n and RN n sequences simultaneously at the Larmor frequency of the S and K spins ͑Fig. 2͒ In each case the number of basic elements N and the total number of rotor periods n is the same in each sequence. However, the phase increment parameter and the symmetry class C or R may be different for the two channels. The basic elements E S 0 and E K 0 may also be different on the two channels, even if both channels employ the same type of symmetry. The spin winding numbers for the S and K spins are denoted S and K , respectively. The following combinations are possible. 
Possibilities of dual RN n and CN n sequences in a heteronuclear spin system composed of species S and
TABLE III. Heteronuclear spin interactions in a solid rotating at the magic angle with respect to the external magnetic field, and their properties with respect to spatial and spin rotations. The spatial components with m ϭ0 disappear for exact magic-angle spinning, in the case lϭ2.
where the rf propagators on the two channels are expressed as
and R S ϭexp͕ϪiS ͖ is the operator for a rotation of all S spins around the rotating-frame axis ϭ(x,y,z) through the angle . R K ϭexp͕ϪiK ͖ is the corresponding K-spin rotation operator. As usual the notation ␤ q S indicates ␤ S (t q ), where t q is a time point in the interval ͓t q 0 ,t qϩ1 0 ͔, and similarly for ␥ q S ,␤ q K ,␥ q K . Analogous to the single-channel case, the Euler angles ␣ S 0 , ␤ S 0 , and ␥ S 0 refer to the accumulated S-spin rf rotation up to a time point t 0 within the basic element E S 0 , whereas the Euler angles ␣ K 0 , ␤ K 0 , and ␥ K 0 refer to the accumulated K-spin rf rotation up to a time point t 0 within the basic element E K 0 .
C. Interaction frame symmetry
As in the single-channel case, the terms of Eq. ͑55͒ maybe transformed into the interaction frame of the two rf fields at the Larmor frequencies of the S and K spins:
where S and K take all possible values, S ϭϪ S , Ϫ S ϩ1,..., S , and K ϭϪ K ,Ϫ K ϩ1,..., K . The terms for S ϭ S ϭ0 and K ϭ K ϭ0 are the same as those defined in the single channel case:
The symmetries of the interaction frame terms may be deduced by a straightforward extension of the results given in the previous section. The relevant symmetries are
͑68͒
(ii) CRN n S , K sequences:
ͪͮ .
͑71͒
D. Average Hamiltonian
The average Hamiltonian terms are given by
and
where the vectors 1 and 2 represent the quantum numbers (l 1 ,m 1 , S1 , S1 , K1 , K1 ) and (l 2 ,m 2 , S2 , S2 , K2 , K2 ), respectively. The terms H 2;1 ⌳ 2 ϫ⌳ 1 are given by
͑75͒
The relevant symmetries of H (1) and H (2) for the four different sequence classes are
͑77͒
͑83͒
The selection rules for H (1) permit a classification of the pulse sequences on the basis of their recoupling and decoupling properties. The selection rules for H (2) allow the prediction of the number and type of symmetry-allowed higherorder terms. These terms often determine the practical performance of the pulse sequences. 55 
E. Scaling factors
The magnitude of the symmetry allowed terms depends on the pulse sequence. In general, a symmetry allowed term in the first order effective Hamiltonian has the form
where lm S S K K SK is the scaling factor of the symmetryallowed term with the quantum numbers (l,m, S , S , K , K ) given by
The symbols t 0 , ␤ 0 S , ␤ 0 K , ␥ 0 S , and ␥ 0 K refer to time points and rf Euler angles within the first pulse sequence element.
It is convenient to define the scaling factor with respect to the basic elements E S 0 and E K 0 .
(i) CN n S , K sequences:
is defined with respect to the basic elements E S 0 and E K 0 and is given by 
Here nut S (t) and nut K (t) are the rf field amplitudes expressed as nutation frequencies ͑negative values corresponding to phase ͒.
F. Pulse sequence propagators
The effective propagator of the pulse sequence may be expressed in terms of the first and second order average Hamiltonian terms:
where Z g S ,Z g K are even integers and Z u S ,Z u K are odd integers. In the following section these results will be applied to the problem of heteronuclear recoupling of two spin species.
IV. SELECTIVE HETERONUCLEAR RECOUPLING
A. Types of heteronuclear recoupling
There are several different types of average Hamiltonians which achieve heteronuclear recoupling. The choice of pulse sequence depends not only on the form of the recoupled interactions but also on the removal of unwanted terms in the average Hamiltonian and on the desirability of ␥ encoding. In this paper we concentrate on the design of ␥-encoded rf pulse sequences which recouple the heteronuclear dipolar interactions, but which also decouple all the homonuclear dipolar interactions, all isotropic chemical shifts, and all chemical shift anisotropies. In the following we discuss the generation of several possible average Hamiltonians suitable for heteronuclear recoupling. We use the term generalized Hartmann-Hahn sequence to refer to rotorsynchronized heteronuclear recoupling sequences which involve rf irradiation at the Larmor frequencies of both involved spin species.
REDOR-type recoupling
One possible form for the recoupled heteronuclear average Hamiltonian is as follows:
where the sum is taken over all heteronuclear spin pairs. In this case S ϭ K ϭ0. Such an average Hamiltonian is, for example, generated by a REDOR sequence applied to one of the spin species. 3, 4 One advantage of this type of average Hamiltonian is that the terms S sz K kz commute for different spin pairs. This means the evolution of the heteronuclear spin system can be described as the superposition of the evolution of isolated spin pairs. One disadvantage of such a Hamiltonian is that it cannot be ␥ encoded because the term for ( S , K )ϭ(0,0) is always associated with both the m ϭϮ1 components and/or both the mϭϮ2 components. The lack of ␥ encoding reduces the amplitude of dipolar oscillations in powdered samples and makes quantitative distance measurements more difficult.
Another issue is the possible influence of recoupled homonuclear dipolar interactions and CSA interactions.
If CN n or RN n sequences are applied on a single rf channel, it is not possible to decouple the CSA interaction of the irradiated spins at the same time as recoupling the heteronuclear dipolar interactions, since these terms have the same symmetry properties under rotations of a single spin species. As a result, any single-channel CN n or RN n sequence applied to the K spins necessarily recouples the K ϭ0 components of the K-spin CSA if it is designed to recouple the S ϭ K ϭ0 components of the SK dipolar interactions. However, these recoupled SK and K-spin CSA interactions commute, so this particular recoupling effect is relatively harmless.
It is possible to generate a recoupled heteronuclear dipolar Hamiltonian of the form of Eq. ͑99͒, at the same time as decoupling the homonuclear dipolar interactions of the irradiated spins. Some suitable single-channel symmetries are R12 3 1 , R12 3 2 , R12 3 4 , R12 3 5 , R16 4 1 , R16 4 5 , R16 4 7 , R20 5 1 , R20 5 9 , etc. All of these solutions suppress isotropic chemical shift terms in the first order average Hamiltonian, but also recouple the CSA interactions of the irradiated spins, as mentioned above. In addition, the recoupled heteronuclear dipolar interaction is not ␥ encoded. These solutions may be regarded as variants of REDOR with four pulses per rotor period instead of two. A similar effect is achieved by the recently described C-REDOR sequences, 48 which are based on CN n symmetries. The standard REDOR sequence 3, 4 can also be viewed in the framework of the RN n sequences. For example, the phases of the 180°pulses in the REDOR sequences have phases 0°, 90°, 0°, 90°, if the XY-4 phase cycle 67 is used. This case is therefore equivalent to four 180°pulses in two rotor periods with the phases Ϫ45°, ϩ45°, Ϫ45°, ϩ45°. 2 1 shows that in general a REDOR sequence applied to the K spins also recouples the K-spin homonuclear dipolar interactions. Since REDOR conforms to R4 4 1 symmetry, the choice of the pulse element only effects the scaling factor, in first order average Hamiltonian theory. This explains the successful use of REDOR at high spinning frequencies. 46 The two-channel selection rules in Eqs. ͑76͒, ͑78͒, ͑80͒, and ͑82͒ do not give rise to any solutions in which the S ϭ K ϭ0 heteronuclear dipolar terms are recoupled, at the same time as all homonuclear dipolar coupling terms are removed. On the other hand, dual sequences do make it possible to remove all chemical shift anisotropy terms in the first order average Hamiltonian at the same time as achieving a heteronuclear dipolar Hamiltonian of the form given in Eq. ͑99͒. So far we did not explore this class of solutions further.
REDOR together
with the XY-4 phase cycle can therefore be viewed as an R4 2 Ϫ1 sequence, because /NϭϪ45°in this case
Single-quantum heteronuclear recoupling
Another possible form for the recoupled heteronuclear average Hamiltonian is
This type of Hamiltonian may be generated by applying RN n sequences to the K-spin species, as discussed in Refs. 17 and 68. However, these symmetries also recouple the K-spin CSA, and the recoupled K-spin CSA and SK dipolar interaction do not in general commute. Another possibility is to use dual RN n S , K sequences, where the chemical shift anisotropy is removed for both spin species in the first order average Hamiltonian. Some solutions of this kind are R10 2 5,2 , R8 3 4,3 , R10 3 5,3 , R14 3 2,3 , and R16 3 1,3 , which all recouple the terms (m, S , K )ϭ(1,0,1) and ͑Ϫ1, 0, Ϫ1͒. However, these solutions all recouple the K-spin homonuclear dipolar interactions as well as the SK heteronuclear dipolar interactions. We did not investigate these sequences further.
Double-quantum heteronuclear recoupling
The following heteronuclear recoupled Hamiltonian also has a favorable form:
This type of selective recoupling cannot be achieved by applying an rf pulse sequence to only one of the two spin species.
A dual-channel rotor-synchronized pulse sequence, generating a ␥-encoded average Hamiltonian of the type Eq. ͑101͒, is generated by imposing the following properties: ͑i͒ First order average Hamiltonian terms with spin ranks ( S , K )ϭ(1,1) and spin components ( S , K )ϭ(Ϫ1,Ϫ1) and ͑1, 1͒ should be symmetry allowed. ͑ii͒ The term with ( S , K )ϭ(Ϫ1,Ϫ1) should be associated with only one spatial rotational component, denoted here mЈ. The term with ( S , K )ϭ(1,1) is therefore associated with the space component ϪmЈ. ͑iii͒ All other heteronuclear dipolar interaction terms, all homonuclear dipolar interaction terms, and chemical shift anisotropy terms should be suppressed for both spin species S and K. Tables IV and V show some two-channel solutions which fulfill these conditions. All the symmetries in Tables IV and V represent generalized HH sequences which recouple the heteronuclear dipolar terms with (m, S , K )ϭ(1,Ϫ1,Ϫ1) and ͑Ϫ1, 1, 1͒. There also exist solutions for mϭϮ2, which are not shown here, because in general these sequences have a smaller scaling factor lm S S K K SK for the recoupled heteronuclear dipolar interactions. Figure 3͑a͒ indicates that the symmetry R18 3 7,8 blocks all homonuclear K-spin interactions in the first order average Hamiltonian. The levels in Fig. 3͑a͒ indicate the total value of mnϪ K K . The superposition of mn and Ϫ K K is broken into two stages, so as to separate the effects of spatial rotations and spin rotations of the K nuclei. The ''barriers'' on the right-hand side of each diagram have holes separated by N units. The positions of the holes are determined by the parity of K , which corresponds to the inequality in the symmetry theorem Eq. ͑42͒. For the homonuclear dipolar couplings K is even and therefore the position of each hole corresponds to an even multiple of N/2, i.e., 0, Ϯ18, Ϯ36,... . For the chemical shift anisotropy K is odd so that the position of each hole corresponds to an odd multiple of N/2, i.e., Ϯ9, Ϯ27,... . Pathways which pass through a hole indicate space-spin components which are symmetry allowed in the first order average Hamiltonian. Figure 3͑a͒ shows that R18 3 8 symmetry for the K spins suppresses all K-spin homonuclear dipolar coupling components ͑mϭ͕Ϯ1,Ϯ2͖ and K ϭ͕0, Ϯ1,Ϯ2͖͒ and all K-spin CSA components ͑mϭ͕Ϯ1,Ϯ2͖ and K ϭ͕0,Ϯ1͖͒ in the first order average Hamiltonian. This symmetry also suppresses all K-spin isotropic chemical shift terms ͑mϭ0 and K ϭ͕0,Ϯ1͖͒. Figure 3͑b͒ shows the corresponding levels for the total value of mnϪ S S . This figure shows that the R18 3 7 symmetry for the S spins suppresses all S-spin homonuclear dipolar coupling components ͑mϭ͕Ϯ1,Ϯ2͖ and S ϭ͕0,Ϯ1, Ϯ2͖͒ and all S-spin CSA components ͑mϭ͕Ϯ1,Ϯ2͖ and S ϭ͕0,Ϯ1͖͒ in the first order average Hamiltonian. The S-spin isotropic chemical shift terms ͑mϭ0 and S ϭ͕0, Ϯ1͖͒ are also suppressed. Figure 4 shows the selection of heteronuclear couplings terms by the R18 3 7,8 sequence. The levels in Fig. 4 indicate the total value of mnϪ S S Ϫ K K broken into three stages. The barrier at the right-hand side has holes separated by N units, corresponding to Eq. ͑82͒. The position of the holes is determined by the parity of the sum S ϩ K . For heteronuclear dipolar couplings S ϩ K is even and therefore the holes are placed at even multiples of N/2, i.e., 0, Ϯ18, Ϯ36,... in this case. Figure 4 shows that only heteronuclear dipolar components with (m, S , K )ϭ(1,Ϫ1,Ϫ1) are symmetry allowed ͓and by implication, also (m, S , K )ϭ(Ϫ1,1,1)͔. The selection of terms with S ϩ K ϭϮ2 indicates heteronuclear double-quantum recoupling of the nuclear spin system. Furthermore, the fact that the ( S , K )ϭ(Ϫ1,Ϫ1) term is associated with only one spatial rotational component (mϭ1) leads to ␥ encoding of the recoupled dipolar Hamiltonian. The phase but not the amplitude of the recoupled heteronuclear double-quantum Hamiltonian depends on the Euler angle ␥ MR .
The application of simultaneous C7 11 or POST-C7 13 sequences achieves this type of heteronuclear recoupling, but also recouples the homonuclear dipolar interactions of both spin species S and K. 
Zero-quantum heteronuclear recoupling
Zero-quantum heteronuclear recoupling sequences provide an average Hamiltonian with the following form:
Heteronuclear zero-quantum recoupling as in Eq. ͑102͒ may be achieved by changing the sign of either S or K in Tables IV and V. The corresponding changes its sign as well. For example, the sequence R14 3 2,5 recouples the terms (m, S , K )ϭ͕(1,Ϫ1,1),(Ϫ1,1,Ϫ1)͖, which corresponds to heteronuclear zero-quantum recoupling.
No generalized HH sequences were found that accomplish ␥-encoded heteronuclear double-and zero-quantum recoupling at the same time.
The symmetry-allowed terms depend on the relative sense of the rf phase shifts on the S-and K-spins channels. It is important to take into account the sign of the gyromagnetic ratio ␥ of the irradiated spin species and the rf mixing scheme on the spectrometer when implementing the sequences shown here. 61, 62 
B. Heteronuclear double-quantum recoupling sequences
In the case of ␥-encoded heteronuclear double-quantum recoupling, the first order average Hamiltonian is given by Eq. ͑101͒. This is provided by generalized HH sequences which recouple the heteronuclear double-quantum terms (m, S , K )ϭ͕(mЈ,Ϫ1,Ϫ1),(ϪmЈ,1,1)͖, where mЈ is the symmetry-allowed space component, equal to mЈϭϮ1 depending on the chosen symmetry. The recoupled throughspace heteronuclear dipolar interaction depends on the molecular orientation and the starting time point of the dual recoupling sequences t 0 0 :
where corresponds to scaling factor 2m Ј 1-11-1 in Eq. ͑86͒. The magnitudes of the scaling factors for a selection of pulse sequences are listed in 
where r sk is the spin-spin internuclear distance. The scaling factor of the recoupled interaction depends on the choice of the basic elements for the two channels. Generally speaking, it is desirable to choose the basic element so as to maximize the scaling factor . At the same it is desirable to choose a sequence which is robust with respect to chemical shift anisotropies, isotropic chemical shifts, and rf amplitude errors. In addition the applied rf fields should be minimized. This is particularly important in systems where the abundant I spins should be decoupled during the recoupling sequence. Normally the rf field on the I spins needs to be a factor of 3 larger than that on the S and K spins to achieve good heteronuclear decoupling, 12, 14 although recent studies indicate that this requirement might be weakened at higher MAS spinning frequencies. 70 In order to identify good candidate sequences we employed a combinatorial approach. We selected a variety of composite pulse elements E 0 which are known to be robust from experience in other fields. 71 For the cyclic element we used C ϭ90 0 360 180 270 0 . For the -rotation elements we considered Rϭ90 315 90 45 0 . In the case of basic elements which are not purely amplitude modulated we also tested the phase-inverted basic element on one channel ͑see example below͒. The pulse sequences were tested numerically on an artificial two-spin system including CSA interactions, using all symmetries in Tables IV and V and their derivatives. Sequences passing preliminary tests were examined further under a variety of conditions, including miss-set rf fields. A selection of the most promising sequences were tested experimentally.
The dual sequences R24 9 8,7 and R22 7 9,6 with the basic elements R S ϭR K ϭ90 180 360 0 180 180 90 0 proved to be relatively robust with respect to rf amplitude errors, isotropic chemical shifts, and chemical shift anisotropies. Experimental results for these sequences are presented below. In simulations, the same symmetries performed well with the basic elements R S ϭR K ϭ360 0 270 180 90 0 . However, the experimental performance of these sequences was slightly worse, for reasons that are unclear.
The sequence CR20 90 90 0 has a relatively high scaling factor for the recoupled heteronuclear dipolar interactions ͑see Table VI͒ but proves rather sensitive with respect to isotropic chemical shifts.
Note the importance of the relative sense of the rf phase shifts on the two channels. For example, the sequence In order to facilitate implementation of these pulse sequences, we now give some of them explicitly. The generalized HH sequence R24 9 8,7 with the basic pulse sequence ele- where the superscript 11 indicates 11 repetitions of the bracketed elements, timed to span a total of seven rotor periods.
V. APPLICATIONS
In this section we demonstrate some different applications of the generalized HH sequences.
A. Heteronuclear correlation spectroscopy
Heteronuclear recoupling sequences may be used to acquire two-dimensional heteronuclear correlation spectra ͑HETCOR͒. [72] [73] [74] Such spectra correlate the isotropic chemical shifts of coupled heteronuclei. Figure 5 shows an appropriate pulse sequence for this purpose. This is appropriate for two spin species S and K in the presence of abundant spins I with a high gyromagnetic ratio. A common practical case is Iϭ 1 H; Sϭ 13 C; Kϭ 15 N. The sequence starts with ramped cross polarization to enhance the K-spin magnetization. 38 The transverse magnetization on the K spins is allowed to evolve for an interval t 1 and is then converted into longitudinal magnetization by a /2 pulse. A generalized HH sequence is applied to the S and K spins in order to transfer longitudinal magnetization between the spin species. The pulse sequence diagram in Fig. 5 indicates a RN n S , K sequence: In practice, any of the sequences in Tables IV and V might be used. The transferred longitudinal S-spin magnetization is converted to observable magnetization by a /2 read pulse and detected in the subsequent period. The timeproportional phase incrementation ͑TPPI͒ procedure may be used for obtaining pure-absorption 2D peak shapes. 75 A twodimensional data matrix s(t 1 ,t 2 ) is complied by acquiring a set of transients with incrementation of the interval t 1 . The data matrix s(t 1 ,t 2 ) is subjected to a complex Fourier transform in the t 2 dimension, and a cosine Fourier transform in the t 1 dimension, in order to obtain the 2D spectrum S ( 1 , 2 ) . Figure 6 shows an experimental spectrum obtained with the pulse sequence shown in Fig. 5 on a sample of ͓98%-U- The experiments were performed on a Chemagnetics Infinity-400 spectrometer using a filled 4 mm zirconia rotor.
The spectrum in Fig. 6͑b͒ was obtained using a cross polarization time of 600 s. The recoupling was achieved using a R24 9 Ϫ5,Ϫ10 sequence, with basic pulse elements given FIG. 5. Radio frequency pulse sequence for two-dimensional heteronuclear correlation spectroscopy between species S and K, in the presence of an abundant species I with high gyromagnetic ratio.
by R S ϭR K ϭ60 180 300 0 60 180 . In total q mix ϭ60 basic elements were used, leading to a total mixing interval of mix ϭ1.61 ms. The evolution interval t 1 was incremented in steps of 5 s. Continuous-wave proton decoupling was used during the R sequences with a proton nutation frequency of 119 kHz. TPPM decoupling 60 with a proton nutation frequency of 83 kHz was used during the evolution interval t 1 and the data acquisition. The signal in the t 1 dimension was apodized with a cos 2 function and converted into the frequency domain using a cosine transform.
The experimental 2D spectrum in Fig. 5 allows the directly bonded 15 N-13 C connectivities to be traced. The assignment of the 13 C and 15 N spectra may be completed using a double-quantum 13 C spectrum of the same sample, obtained under identical conditions, as shown in Fig. 7 . This spectrum was obtained with the modified SC14 pulse sequence 56 described in Appendix C. The two spectra in Figs. 6͑b͒ and 7 may be used to completely assign the 13 C and 15 N peaks to the molecular sites, without any external knowledge other than the molecular structure. The assignments of the peaks are indicated in the figures.
We have also obtained similar heteronuclear correlation spectra to that shown in Fig. 6͑b͒ using the adiabatic crosspolarization method. [76] [77] [78] In principle, the pulse sequences described here should be less susceptible to interference from homonuclear couplings. However, so far we have not been able to demonstrate this advantage decisively. Figure 8 shows a rf pulse sequence for passing S-and K-spin signals through heteronuclear multiple-quantum coherence. The sequence starts with two successive ramped cross-polarization sequences to enhance the S-and K-spin magnetizations. The following /2 pulses on both the S and K spins convert the cross-polarized transverse magnetizations into longitudinal magnetizations. The ramped crosspolarization field and the /2 pulse on the S-spin channel The heteronuclear double-quantum recoupling sequence of duration ex converts the sum longitudinal magnetization into heteronuclear ͑Ϯ2͒-quantum coherence. The excitation part of the sequence consists of q ex basic elements, where q ex is an even integer. The excitation interval is therefore given by ex ϭq ex E . The overall phase of the excitation block is denoted ⌽ ex S for the S spins and ⌽ ex K for the K spins. For the experiments described in this section, there is no interval between the excitation and reconversion pulse sequence, t 1 ϭ0.
B. Heteronuclear double-quantum oscillations
The excited double-quantum coherences are converted into longitudinal magnetization by applying other q re basic elements. The reconversion block has duration re ϭq re E and overall phase ⌽ re S for the S spins and phase ⌽ re K for the K spins. The longitudinal magnetization created by the reconversion sequence is converted into observable magnetization by a /2 read pulse, whose phase is denoted ⌽ read S . The complex S-spin NMR signal is detected in the subsequent period using a rf receiver phase ⌽ rec S and postdigitization phase shift ⌽ dig S .
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The pulse sequence phases are cycled in order to select signals passing through heteronuclear double-quantum coherence. The phase-cycles are conveniently specified algebraically using the transient counter m t ϭ0,1,2,..., which is incremented on every acquired transient. The following phase cycles are constructed according to the procedure in Ref. 79 .
In the case of isolated SϪK spin pairs a relatively short phase cycle may be used since homonuclear multiplequantum coherence cannot be excited. In this case and if q ex is an even integer, the 16-step phase cycle for dual RN n S , K and CRN n S , K is specified by
where the function floor͑x͒ returns the largest integer not greater than x. The phase ⌽ re 0,S depends on whether a C or a R sequence is used on the S spins. For RN n S , K , this phase is
For CRN n S , K sequences, this phase is given by
In practice this means that the phase is continuously incremented during the C sequence on the S spins under the intervals ex and re .
In the case of a multiple S-and K-spin system, a longer phase cycle is necessary in order to suppress signals passing through homonuclear double-quantum coherences. If q ex is an even integer, the appropriate 32-step phase cycle is specified through
where the transient counter takes the values m t ϭ0,1,...,31.
The phase ⌽ re 0,S is specified in Eqs. ͑106͒ and ͑107͒. Experimental results for 10% ͓2-13 C, 15 N͔-glycine at B 0 ϭ9.4 T are shown in Fig. 9 . A sample of ͓2-13 C, 15 N͔-glycine was purchased from Cambridge Isotope Laboratories, cocrystallized with natural abundance glycine in a molecular ratio of 1:9 and used without further purification. The experiments were performed on a Chemagnetics Infinity-400 spectrometer using a filled 4 mm zirconia rotor. 
refer to overall rf phases of the pulse sequence blocks. The rf receiver phase during signal detection is denoted ⌽ rec S and the postdigitization phase by ⌽ dig S . Figure 9 shows the experimental heteronuclear doublequantum filtering ͑2QF͒ efficiencies for a variety of pulse sequences, plotted as a function of the pulse sequence interval ex ϩ re . In all cases the efficiencies were estimated by dividing the 13 C peak integrals obtained by the pulse sequence in Fig. 8 by the peak integrals in a simple ramped cross-polarization experiment, using the same number of acquired transients. In the left-hand column of Fig. 9 ͓plots ͑a͒-͑d͔͒, the excitation and reconversion intervals ex and re were kept equal to each other, both being incremented at the same time ͑the ''symmetric procedure''͒. In the right-hand column ͓plots ͑e͒-͑h͔͒, the excitation interval giving the maximum efficiency for the case ex ϭ re was first determined. The excitation interval was fixed to this value while the reconversion interval was incremented, starting at re ϭ0. In general, the method in the right column ͑the ''asymmetric procedure''͒ provides larger amplitude modulations. 80 Figures 9͑a͒ and 9͑e͒ illustrate the performance of R24 9 8,7 with the basic elements R S ϭR K ϭ90 180 360 0 180 180 90 0 . The results were obtained at a spinning frequency of r /2 ϭ6.000 kHz, using a cross-polarization contact time of 1.1 ms for 13 C and 3 ms for 15 N. Continuous wave decoupling was used with the proton nutation frequencies 114 and 81 kHz during the R sequences and acquisition, respectively. The S-and K-spin nutation frequencies during the R24 9 8,7 sequence were both 32 kHz.
Figures 9͑b͒ and 9͑f͒ were obtained with the sequence R22 7 9,6 , again using the basic elements R S ϭR K ϭ90 180 360 0 180 180 90 0 . The S-and K-spin nutation frequencies during the R22 7 9,6 sequence were both 37.7 kHz. The other experimental conditions were the same as in Figs. 9͑a͒ and 9͑e͒. The experimental result clearly shows that this sequence has a slightly larger scaling factor than R24 9 8,7 ͑see Table VI͒ .
Figures 9͑c͒ and 9͑g͒ demonstrate the performance of a mixed C/R sequence. In this case the symmetry CR20 7 Ϫ6,Ϫ9 sequence were both 34.6 kHz. The rapid oscillations in these plots confirm that this choice of basic elements provides a large scaling factor for the recoupled heteronuclear interactions, as shown in Table VI .
The solid lines in Fig. 9 are the results of accurate twospin simulations, using the spin interaction parameters given in Ref. 81 . In each case the hetronuclear dipolar coupling constant was varied to obtain the best fit between numerical simulations and experimental results. A multiplicative factor f exp͕Ϫ( ex ϩ re )/T R ͖ was applied to the numerical simulations to take into account the relaxation during the recoupling sequence and the fact that the cross-polarization procedure does not provide equal S-and K-spin magnetizations. In practice, the fit of the heteronuclear dipolar coupling constant is insensitive to the values of f and the relaxation time constant T R .
The best fits for the heteronuclear dipolar coupling constants are as follows: ͑a͒ and ͑e͒ 888 Hz, ͑b͒ and ͑f͒ 908 Hz, ͑c͒ and ͑g͒ 904 Hz, and ͑d͒ and ͑h͒ 916 Hz. In all cases we obtain dipolar coupling constants in the range 902Ϯ14 Hz. This is in good agreement with the coupling constant of 894 FIG. 9 . Symbols: Experimental double-quantum filtered efficiencies obtained on 10% labeled ͓2-13 C, 15 N͔-glycine with the pulse sequence shown in Fig. 8 as a function of ex ϩ re . ͑a͒-͑d͒ The excitation and reconversion intervals are incremented simultaneously ( ex ϭ re ). ͑e͒-͑h͒ The excitation interval was fixed, while re was varied. ͑a͒-͑d͒ The following symmetries and basic pulse sequence elements were used. ͑a͒ and ͑e͒: R24 9 8 Hz determined by recent REDOR studies at different sample spinning frequencies. 46 The distance between the C and N nuclei estimated by neutron diffraction is 0.149 nm, 82 which corresponds to a heteronuclear dipolar coupling constant of 926 Hz. The discrepancy between NMR and neutron distance estimations is presumably due to motional averaging of the dipolar coupling constant, as well as J anisotropy.
The dashed lines in Fig. 9 are results of simulations using the average Hamiltonian Eq. ͑101͒ with the recoupled heteronuclear dipolar interaction Eq. ͑103͒. In all cases the same factor f and exponential decay function were used as for the numerical exact simulations. The average Hamiltonian simulations agree very well with the numerical exact simulations. The good agreement may be attributed to the moderate chemical shift anisotropy of the 13 C ␣ site. For larger CSA values one would expect larger deviations.
Further simulations ͑not shown͒ indicate that the effect of the heteronuclear isotropic J coupling is negligible.
C. Heteronuclear multiple-quantum spectroscopy
The pulse sequence shown in Fig. 8 may also be used to produce two-dimensional heteronuclear multiple-quantum spectra, in which the frequencies of the heteronuclear ͑Ϯ2͒-quantum coherences are measured in a second frequency dimension. This is done by fixing the intervals ex and re and by incrementing the interval t 1 . The phase cycle must also be adjusted ͑see below͒. Figure 10 shows experimental two-dimensional heteronuclear double-quantum spectra of ͓98%-U- 13 C, 96% -99%-U- 15 N͔-L-histidine•HCl•H 2 O at B 0 ϭ9.4 T and a spinning frequency of r /2ϭ14.000 kHz. In both cases, the heteronuclear recoupling was achieved using a R24 9
Ϫ5,Ϫ10
sequence, with the basic elements given by R S ϭR K ϭ60 180 300 0 60 180 . The excitation part of the sequence was the same for the two experiments, and consisted of q ex ϭ46 basic elements, corresponding to an excitation interval of ex ϭ1232.1 s.
In Fig. 10͑a͒ the reconversion sequence consisted of q re ϭ22 basic elements, corresponding to a reconversion interval of re ϭ589.3 s. In Fig. 10͑b͒ the reconversion sequence consisted of q re ϭ92 basic elements, corresponding to a reconversion interval of re ϭ2464.3 s.
These two-dimensional spectra display the frequencies of heteronuclear double-quantum coherences in the 1 dimension and the frequencies of single-quantum 13 C coherences in the 2 dimension. The double-quantum frequencies are equal to the sums of the isotropic chemical shift frequencies of the 13 C and 15 N nuclei, measured in Hz, taking into account the signs of the gyromagnetic ratios. 61, 62 In the present case of Sϭ 13 C and Kϭ
15
N, the two spin species have opposite signs for their gyromagnetic ratios. In this case the positions of double-quantum peaks in the 1 dimension when specified in ppm are given by the difference of the chemical shifts of the two spins specified in ppm. Figure 10͑a͒ shows the two-dimensional heteronuclear double-quantum spectrum for a relatively short reconversion interval ( re ϭ589.3 s). In this case, the only peaks of significant amplitude arise from coherence transfer between a double-quantum coherence involving neighboring spins S j and K l into a single-quantum coherence of spin S j , which is a member of the same pair. These have been called direct peaks. 56 In Fig. 10͑b͒ an extended reconversion interval of re ϭ2464.3 s is used. A greater variety of peaks is now observed, some of which are negative. These additional peaks are due to a variety of processes. For example, double quantum coherence may be excited between spins S j and K l N spectra of ͓98%-U- 13 C,96% -99%-U- 15 N͔-L-histidine•HCl•H 2 O at a field of B 0 ϭ9.4 T and a spinning frequency of r /2 ϭ14.000 kHz, obtained using the pulse sequence in Fig. 8 which are not directly bonded but are located some distance away from each other. The extended reconversion interval is able to reconvert these distant double-quantum coherences into single-quantum coherence of spin S j in the same pair. This is called a distant direct process. In addition, the double-quantum coherence between spins S j and K l may be converted into single-quantum coherence of a third spin S k , if the spin S k also has a heteronuclear coupling to K l . This transfer is called an indirect process. In addition, the heteronuclear coherence between spins S j and K l may be converted into single-quantum coherence of a third spin S k , if S j and S k are linked by a network of homonuclear J couplings.
A close examination of the spectrum in Fig. 10͑b͒ indicates multiple origins for the new cross peaks. For example, there are negative cross peaks between the double-quantum coherences of the ␦ 1 ) and ␥, and also between (⑀ 1 ,⑀ 2 ) and ␦ 2 . Indeed all possible indirect cross peaks caused by recoupled heteronuclear interactions between neighboring nuclei appear in Fig. 10͑b͒ .
In addition there are strong positive indirect doublequantum peaks between (␦ 2 ,⑀ 2 ) and ␥, and between (␥,␦ 1 ) and ␦ 2 . These peaks are due to homonuclear J couplings ͑see below͒.
We examined the spin dynamics in the heteronuclear five-spin system of the imidazole ring by average Hamiltonian simulations. Figure 11 shows the two-dimensional heteronuclear double-quantum peak amplitudes for the 12 possible spectral peaks of the imidazole ring as a function of the reconversion interval re . The dashed lines correspond to the case where the average Hamiltonian includes only the recoupled heteronuclear dipolar interactions, Eqs. ͑101͒ and ͑103͒. The molecular geometry was obtained from Ref. 83 . The solid lines correspond to the case where the homonuclear J coupling of around 70 Hz between the ␥ and ␦ 2 carbon sites was also included:
This term has the symmetry numbers (l,m, S , S ) ϭ(0,0,0,0) and is therefore symmetry allowed under any CN n or RN n sequence. The vertical lines in Fig. 11 indicate the two reconversion intervals re for which the experimental two-dimensional spectra are shown in Fig. 10 . These simulations show clearly that the homonuclear isotropic J coupling has a considerable effect on the peak amplitudes for larger values of re . Figures 11͑c͒, 11͑e͒ , 11͑g͒, and 11͑j͒ show the peak amplitudes of the direct peaks observable in Fig. 10͑a͒. Figures 11͑a͒, 11͑d͒ , 11͑h͒, and 11͑l͒ show the peak amplitudes for the negative indirect peaks in Fig. 10͑b͒ . Figures 11͑b͒ and 11͑f͒ correspond to the positive indirect peaks in Fig. 10͑b͒ , which cannot be explained by purely recoupled heteronuclear interactions ͑dashed lines͒. If the homonuclear J coupling between the ␥ and ␦ 2 carbon site is considered, these simulations explain the occurrence of the positive indirect peaks in Fig. 10͑b͒ ͑solid lines͒. The homonuclear J coupling has such a strong effect because it has the same order of magnitude as the scaled recoupled heteronuclear dipolar interaction (͉b SK ͉Ϸ84 Hz). The weak positive indirect double-quantum peaks between (␣,NH 3 ) and CO may be attributed to the homonuclear J coupling between the ␣ and CO carbon sites. Another interesting feature visible in Fig. 10 is that the spectrum of Fig. 10͑a͒ appears to be ''cleaner'' than that in Fig. 6 . The ratio of the direct peaks to the indirect peaks is higher in the heteronuclear multiple-quantum spectrum. This effect may be understood using the results for recoupled multiple-spin dynamics presented in Ref. 56 . For short reconversion intervals, the amplitudes of the indirect peaks in multiple-quantum filtered spectra are proportional to the cube of the coupling constants multiplied by the reconversion interval, while the amplitudes in conventional correlation spectra are proportional to the first power of the same quantity. It is therefore much easier to suppress long-range peaks and indirect peaks in multiple-quantum and multiplequantum-filtered spectra. This property should be useful for the spectral methodology of assignment in the solid state NMR of multiply labeled materials.
The spectra shown in Fig. 10 were obtained on a Chemagnetics Infinity-400 spectrometer using a filled 4 mm zirconia rotor. The two spectra were obtained using a cross polarization interval of 2 ms. The evolution interval t 1 was incremented in steps of 25 s. Continuous-wave proton decoupling was used during the recoupling sequence with a proton nutation frequency of 125 kHz. TPPM decoupling was used during the evolution interval t 1 and the data acquisition with a proton nutation frequency of 101 kHz. The signal in the t 1 dimension was apodized with a cos 2 function and converted into the frequency domain using a cosine transform.
The phase cycle for heteronuclear double-quantum NMR is similar to that given in Eq. ͑108͒, but with implementation of the time-proportional phase incrementation ͑TPPI͒ procedure used to obtain pure absorption two-dimensional spectra with discrimination of positive and negative 1 frequencies. 75 In addition to the transient counter m t we need the evolution increment counter, denoted m i , which is incremented between different values of t 1 . The transient counter takes the values m t ϭ0,1,...,31 and the phase specifications are
assuming that an even number is chosen for q ex . 84 The phase ⌽ re 0,S is specified in Eqs. ͑106͒ and ͑107͒. mЈ corresponds to that given in Eq. ͑103͒ and depends on the chosen symmetry. Table VI specifies mЈ for the experimental sequences. A two-dimensional data matrix s(t 1 ,t 2 ) is compiled by acquiring a set of transients with incrementation of the interval t 1 . The data matrix s(t 1 ,t 2 ) is subjected to a complex Fourier transform in the t 2 dimension, and a cosine Fourier transform in the t 2 dimension, in order to obtain the 2D spectrum S( 1 , 2 ).
VI. CONCLUSIONS
In this paper we showed that it is technically possible to construct rotor synchronized rf pulse sequences on two radio-frequency channels. The pulse sequence symmetries may be adjusted to obtain selective heteronuclear recoupling between different spin species, while suppressing homonuclear dipole-dipole couplings and chemical shift anisotropies. We showed a number of experimental results, including heteronuclear shift correlation spectroscopy, the estimation of heteronuclear coupling constants, and heteronuclear multiple-quantum NMR.
Where are these generalized HH sequences expected to be useful?
The measurement of distances between spins is unlikely to be a primary area of application. Existing methods such as REDOR 3, 4 appear to do a good job, even at long heteronuclear distances. REDOR is also a much simpler pulse sequence and appears to be highly robust. The fact that it is not ␥ encoded does not appear to be a serious impediment in practice, although it would be desirable to obtain more marked dipolar oscillations, if no other sacrifices were necessary. Nevertheless, the dual rotor-synchronized pulse sequences described here are not expected to compete with REDOR unless homonuclear decoupling is important.
Heteronuclear correlation spectroscopy is also unlikely to benefit much from the sequences presented here. Simpler methods such as adiabatic Hartmann-Hahn cross polarization [76] [77] [78] may be a more efficient and reliable way to achieve qualitative magnetization transfer between spin species.
The new pulse sequences may find their main application in heteronuclear multiple-quantum spectroscopy, as demonstrated in Fig. 10 . As mentioned above, heteronuclear multiple-quantum spectra are generally cleaner than singlequantum correlation spectra, providing fewer assignment ambiguities. In addition, the evolution of the heteronuclear multiple-quantum coherence is sensitive to correlated local fields, allowing the estimation of nuclear torsional angles and other angular constraints. 24 The theorems discussed here may also be applied to other problems, such as the selective recoupling of heteronuclear J interactions [85] [86] [87] and the implementation of highquality heteronuclear decoupling at the same time as homonuclear recoupling. Extension of the two-channel results to three or more channels is also possible. Work in these directions is in progress in our laboratory. nessen for experimental help and A. Laaksonen for additional computer resources.
APPENDIX A: IMPLEMENTATION OF CN n AND RN n SEQUENCES
A. CN n sequences
Here we prove that the sequence shown in Fig. 1͑b͒ with pulse sequence elements given by Eq. ͑16͒ is a CN n sequence according to the definition in Eq. ͑14͒.
The propagators S q are in this case given by
and E q ϭE 0 ϭR x ͑ Z g ͒. ͑A2͒
The accumulated propagator up to time point t q may be written as follows:
Since a rotation operator through an even multiple of is independent of the rotation axis it is valid that R x (Z g q) ϭR z (Z g q) and therefore
Since a rotation through an even multiple of commutes with all other rotations, Eq. ͑12͒ may be used to get
͑A6͒
For CN n sequences, the first element and the basic element are identical, so we get
͑A7͒
This proves that the Euler angles ␤ and ␥ have the symmetry defined in Eq. ͑14͒.
B. RN n sequences
Here we prove that the sequence shown in Fig. 1͑c͒ with pulse sequence elements given by Eq. ͑20͒ is a RN n sequence according to the definition in Eq. ͑17͒.
The following relationship between the propagators for the rf field within each element E q of the RN n sequence and the propagator for the rf field within the basic element R is valid:
The propagators E q are given by
It is straightforward to prove
͑A12͒
Since Z u Ϫ1 is even, the property R x ͓q(Z u Ϫ1)͔ ϭR z ͓q(Z u Ϫ1)͔ applies. Since a rotation through an even multiple of commutes with all other rotations, we get 
APPENDIX B: GENERAL SCALING FACTORS
A. Single-channel sequences
Assume that the basic element E 0 is built of a sequence of N rectangular pulses with flip angles and phases ( 0 ) 0 , ( 1 ) The factor K m in Eq. ͑51͒ is given by
where the individual pulse contributions K m (k) are
The terms K m (p) are given by
͑B4͒
The Wigner elements D Ј (⍀ p ) are defined through the it-
If the rf field is modulated smoothly, the scaling factor may be calculated by approximating the modulations as a sequence of small rectangular elements and taking the limit of a large number of steps N.
B. Dual sequences
The results from the previous section may be generalized for the case of dual sequences. In this case we assume that the basic elements E S 0 and E K 0 are divided into a synchronous sequence of N rectangular pulses with flip angles and phases ( 0 S ) 0 S, ( 
where the individual pulse contributions and
The case of smooth rf modulations may be handled by using the limit of large N.
APPENDIX C: MODIFIED SC14
In this appendix we describe the modified SC14 sequence used to obtain the results shown in Fig. 7 where all flip angles and phases are specified in degrees. The complete sequence spans 16 rotor periods. This version of SC14 was found experimentally to be be slightly more robust with respect to chemical shifts than the version reported in Ref. 56 , although this sequence performs slightly worse in numerically exact simulations. The original SC14 sequence 56 and the modification presented here are conveniently implemented as a sequence of 180°pulses. The 360°pulses are divided into two 180°p ulses of the same phase. The total number of 180°pulse elements, used in a recoupling sequence, is called q 180 , and should be an even integer, even though this means that the sequence might finish after half a 360°pulse. For the original SC14 sequence the best performance is achieved, if q 180 is a multiple of 28, whereas in the case of the modified SC14 sequence, given in Eq. ͑C1͒, q 180 should be a multiple of 14. 
